Betalains are synthesized in fl owers, fruits and other tissues of the plant order Caryophyllales. Betalamic acid is the chromophore of betalain pigments synthesized by a ring-cleaving enzyme reaction on L -dihydroxyphenyla lanine (DOPA). Although reverse genetic evidence has proven that DOPA 4,5-dioxygenase (DOD) is a key enzyme of betalain biosynthesis, all attempts to detect recombinant plant DOD activity in vitro have failed. Here, we report on the formation of betalamic acid from DOPA under suitable assay conditions using recombinant MjDOD produced by Escherichia coli . This is the fi rst report showing biochemical evidence for DOD activity in vitro.
detected with anthocyanins in the same species. Betalains are classifi ed into two groups -red betacyanin and yellow betaxanthin -both of which contain betalamic acid as the chromophore. Despite extensive study of the biosynthetic pathway of anthocyanins/fl avonoids, only a few enzymes and genes involved in the biosynthesis of betalains have been identifi ed. The betalain biosynthetic pathway comprises several enzymatic reaction steps and some spontaneous chemical reaction steps ( Tanaka et al. 2008 ). L -Dihydroxyphenylalanine (DOPA) is synthesized from tyrosine by tyrosine hydroxylase. DOPA undergoes an extradiol cleavage by DOPA 4,5-dioxygenase (DOD) to produce 4,5-seco -DOPA following spontaneous chemical recyclization to form betalamic acid ( Fig. 1 ). Betalamic acid conjugates with an amino acid or amine to form betaxanthin, and with cyclo -DOPA glucoside to form betacyanin. Thus, DOD, which catalyzes betalamic acid formation, might be a crucial enzyme in betalain biosynthesis. In 2004, a plant DOD candidate cDNA, designated PgDOD , was isolated from Portulaca grandifl ora by the cDNA subtraction method. Using a particle bombardment method, the DOD candidate was introduced into and expressed in white petals of P. grandifl ora to give red spots on the white, where betalamic acid was synthesized to complement betacyanin synthesis. This reverse in vivo genetic evidence indicated that this candidate should be involved in betalain synthesis ( Christinet et al. 2004 ). However, attempts to detect DOD enzyme activity in vitro using the protein produced in an Escherichia coli expression system failed ( Christinet et al. 2004 ) , possibly because of instability of the PgDOD protein produced by E. coli or inappropriate assay conditions for DOD enzyme activity.
Here we report the isolation of a cDNA encoding DOD from Mirabilis jalapa ( MjDOD ) and the formation of betalamic acid in vitro under appropriate assay conditions using a crude extract of recombinant MjDOD expressed in E. coli .
A candidate cDNA of DOD from M. jalapa petals was isolated by degenerate PCR using the primers designed from the conserved amino acid region of Beta vulgaris DOD ( BvDOD , AJ583017) and P. grandifl ora DOD ( PgDOD , AJ580598). The full length of the putative open reading frame (ORF) of the MjDOD cDNA comprised 801 bp encoding a protein of 267 amino acids. The nucleotide sequence of MjDOD cDNA showed 67 and 63 % similarity to BvDOD and PgDOD , respectively, and the deduced amino acid sequence of MjDOD had 55 and 54 % identity to BvDOD and PgDOD, respectively .
The MjDOD transcripts were detectable in petals at developmental stage 2, and they were abundant in petals during stages 3-5 (fully opened fl ower), and especially at stage 5, but were below the level of detection in leaves, stems and roots ( Fig. 2A, B ). These results were similar to those for betanin accumulation ( Sasaki et al. 2004 ) and the expression profi le of the cyclo -DOPA 5-O -glucosyltransferase (c DOP-A5GT ) gene involved in betacyanin biosynthesis ( Sasaki et al. 2005 ) . In M. jalapa , two loci involving fl ower color have been identifi ed: locus C is responsible for fl ower color and locus R for the accumulation of cyclo -DOPA glucoside (see Fig. S3 in Tanaka et al. 2008 ) . We identifi ed two lines of M. jalapa plants bearing white fl owers. The genotype of one line was presumed to be ccR-containing cyclo -DOPA glucoside in the , and total RNA (25 µg) from petals at each developmental stage (B) or for various colors of petals (C) was performed using 32 P-labeled MjDOD cDNA as a probe. A carnation actin cDNA probe was used for the loading control (A, B) and ethidium bromide stain of rRNA is shown for the loading control (C).
Fig. 1
Scheme of the DOPA 4,5-dioxygenase reaction. It is possible to generate ( S )-and ( R )-betalamic acid (diasteroisomers at the C-6 position) chemically at the spontaneous recyclization. Here, ( S )-betalamic acid is included in the fi gure because the results showed that this was the major product of the DOD reaction (see text). Fig. 2 C) and that of the other was presumed to be ccrr , which lacked cyclo -DOPA glucoside (line B in Fig. 2 C) . The MjDOD gene was expressed in red, yellow and scarlet petals, but the transcripts were undetectable in white petals in both lines ( Fig. 2 C) . These results indicated that MjDOD might be a crucial gene for the coloration of M. jalapa fl owers, assuming that MjDOD corresponds to the C gene.
petals (line A in
Previous attempts to detect the enzyme activity of the extradiol dioxygenase using recombinant PgDOD expressed in E. coli had failed ( Christinet et al. 2004 ) . In plants, the biochemical properties of two types of dioxygenases, i.e. 2-oxo-glutarate-dependent dioxygenase Grisebach 1986 , Britsch et al. 1992 ) and carotenoid cleavage dioxygenase (CCD), have been well characterized ( Schwartz et al. 1997 , Vogel et al. 2008 ). 2-Oxo-glutarate-dependent dioxygenase has been characterized as a hydroxylase, e.g. fl avanone 3-hydroxylase is a representative 2-oxo-glutarate-dependent dioxygenase involved in fl avonoid biosynthesis. CCD is involved in the biosynthesis of ABA and apocarotenoid in higher plants. Both enzymes require ferrous ion and ascorbic acid to maintain iron in the proper redox state for their activity. The enzymatic reaction mechanism of DOD was thought to be similar to that of CCD because DOD and CCD catalyze cleavage of the conjugated double bond of aromatic rings and that of carotenoid, respectively. It had been supposed that ferrous ion and ascorbic acid might be required for the enzyme activity of recombinant DOD.
First, the recombinant MjDOD protein was expressed using a yeast expression system under various reaction conditions. We succeeded in detecting the activity using a crude extract from yeast harboring MjDOD cDNA in the optimized reaction mixture containing ascorbic acid without addition of ferrous ion, which might be contained in the extract carried from the yeast cytosol (data not shown). Using this reaction condition in an E. coli expression system, DOD activity of the recombinant MjDOD was detected successfully. The reaction mixture appeared as a yellow color after incubation for 20 min at 30 ° C, but the crude extract from the E. coli harboring the β -glucuronidase ( GUS ) gene as the control did not cause a color change in the reaction mixture ( Fig. 3A ). The reaction products were separated on a HPLCphotodiode array detector (DAD) system equipped with a reversed-phase column. Two peaks were detected in the reaction mixture containing recombinant MjDOD. The retention time and spectrum of the major peak agreed with those of authentic betalamic acid ( Fig. 3B ). HPLC-mass spectrometry (MS) analysis revealed that the [M + H] + ion of this major peak, which was produced by the recombinant MjDOD enzymatic reaction, was observed at m/z 212 in the positive ion mode, which agreed with the [M + H] + ion of authentic betalamic acid. Because betalamic acid was formed from DOPA by the DOD enzymatic reaction via 4,5-seco -DOPA, the minor broad peak was suspected to be 4,5-seco -DOPA, whose UV/visible spectrum ( λ max = 385 nm, Fig. 3C arrow) was similar to that in a previous report ( Terradas and Wyler 1991 ) .
Although MjDOD activity could be detected without the addition of extra ferrous ion to the reaction mixture, as shown above, the requirement for ferrous ion in the reaction remained. To refi ne the effect of ferrous ion in the DOD enzymatic reaction, the crude extract was dialyzed to remove iron ions carried over from the cytosol, and iron ion or ascorbic acid, or both, was added to the reaction mixture. Compared with a relative activity of 100 % in the dialyzed extract without iron ion or ascorbic acid, the activities in the presence of Fe 2 + alone, Fe 2 + and ascorbic acid, and Fe 3 + and ascorbic acid in the reaction mixture were 182, 397 and 267 % , respectively. This result indicated that MjDOD requires iron ion and ascorbic acid for its enzymatic activity and that ascorbic acid is required for iron to be in the proper redox state, as in other plant dioxygenases ( Schwartz et al. 1997 , Vogel et al. 2008 .
We isolated DOD cDNAs from the bracts of Bougainvillea glabra ( BgDOD , AB435373) and roots of B. vulgaris ( BvDOD , AJ583017), and both recombinant BgDOD and BvDOD in the crude extracts prepared from E. coli showed DOD activity under the conditions described above (data not shown). Therefore, regardless of the originating species, addition of ascorbic acid to the reaction mixture appears to be important for detecting the recombinant DOD activity.
We reported previously on the c DOPA5GT activity of M. jalapa ( Sasaki et al. 2004 , Sasaki et al. 2005 . The formation of cyclo -DOPA 5-O -glucoside was confi rmed by the detection of betanin and isobetanin, which were derived chemically during the post-enzymatic reaction by the condensation of c DOPA5GT reaction products with chemically synthesized betalamic acids by alkaline hydrolysis of red beet extract. In the mixture of the condensation reaction, almost equal amounts of betanin derived from ( S )-betalamic acid and isobetanin from ( R )-betalamic acid (diasteroisomers at C-6 position) were detected (see Fig. 2 , Sasaki et al. 2005 ), suggesting that equal amounts of ( S )-and ( R )-betalamic acid were synthesized chemically during alkaline hydrolysis of red beet extract. To determine whether the product of the recombinant MjDOD reaction was ( S )-or ( R )-betalamic acid, the MjDOD assay mixture was chemically condensed with cyclo -DOPA after the termination of the enzyme reaction under acidic conditions. Two peaks were observed on the HPLC chromatogram: a major peak corresponding to the retention time of betanidin and a minor peak corresponding to that of isobetanidin (C-15 diasteroisomer of betanidin, Fig. 3C ). This result indicated that the main product of the recombinant DOD enzyme reaction was ( S )-betalamic acid (approximately 88 % of total betalamic acid molecules). To confi rm that the proportion of the amount of ( S )-and ( R )-betalamic acids catalyzed by the recombinant MjDOD enzyme reaction corresponded to that of the ( S )-and ( R )-betalamic acids synthesized in vivo, the ratio of betanin (betanidin 5-O -glucoside) and isobetanin (isobetanidin 5-O -glucoside) in the acidic methanol extract from the petals of M. jalapa was analyzed. The extract contained a large amount of betanin (approximately 94 % of both betacyanins) in comparison with a trace amount of isobetanin ( Fig. 3D ), implying that ( S )-betalamic acid was the main product in vivo similar to that of the enzyme reaction in vitro. We concluded that the DOD enzymatic activities in vitro and in vivo are similar.
Materials and Methods
DOPA was purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Betanin, isobetanin, betalamic acid and cyclo -DOPA were prepared as described previously ( Sasaki et al. 2005 ).
An MjDOD candidate cDNA was isolated by degenerate PCR. The fi rst-strand cDNA for the template was prepared from red petals of M. jalapa as described previously ( Sasaki et al. 2005 ) . Two antisense degenerate primers were designed based on the conserved region of the amino acid sequences BvDOD (AJ583017) and PgDOD (AJ580598). The fi rst PCR was performed for 30 cycles (92 ° C for 30 s, 52 ° C for 30 s and 72 ° C for 1 min) using GeneRacer ™ 5 ′ primer (Invitrogen, Carlsbad, CA, USA) and DOD-Rv1 primer (5 ′ -TGRCANACN GGDATRTCNGCYTCNGG-3 ′ , corresponding to the amino acid sequence PEADIPVCQ). For the nested PCR, the Not-GR primer ( Sasaki et al. 2005 ) and the DOD-Rv2 primer (5 ′ -GCNCCCATNGCNACRTGNARNGG-3 ′ , corresponding to the amino acid sequence PLHVAMGA) were used. After the nested PCR (30 cycles of 92 ° C for 30 s, 54 ° C for 30 s and 72 ° C for 1 min), the products were introduced into pBluescript SK + followed by determination of the nucleotide sequences.
A gene-specifi c sense primer of MjDOD cDNA was synthesized (5 ′ -ATG AAAGGAACATACTATAT-3 ′ ; underlining shows the putative fi rst ATG) to prepare a full-length MjDOD cDNA by PCR (30 cycles of 92 ° C for 30 s, 58 ° C for 30 s and 72 ° C for 2 min) together with the GeneRacer ™ 3 ′ primer using the same fi rst-strand cDNAs as noted above. The second and third round PCRs using the diluted DNA fragments amplifi ed by the previous round of PCR as a template were performed sequentially using the primers DODattB1 (5 ′ -TGTACAAAAAAGCAAAGATGAAAGGAACATAC-3 ′ ) and GR-attB2 (5 ′ -TGTACAAGAAAGCTGACGCTACGTAA CGGCATGACAGTG-3 ′ ) in the second round, then using the primers attB1-SD, (5 ′ -GGGGACAAGTTTGTACAAAAAAGCA GAAGGAGATATAATAATG-3 ′ ) and attB2R (5 ′ -GGGGACC ACTTTGTACAAGAAAGCTG-3 ′ ) to add attB1 and Shine-Dalgarno sequences just upstream of the putative start codon and the attB2 sequence at the 3 ′ end. The fi nal amplifi ed product was introduced into pDONR221 (Invitrogen) using BP clonase (Invitrogen).
MjDOD gene expression was analyzed by Northern hybridization as described previously ( Sasaki et al. 2005 ) using the MjDOD cDNA fragment prepared from that introduced into pDONR221 as a probe.
MjDOD cDNA in pDEST221 was introduced into the E. coli expression vector pDEST15 (Invitrogen), which was transformed into BL21-AI (Invitrogen). The transformants were grown in 5 ml of Luria-Bertani (LB) medium containing 50 µg ml − 1 ampicillin overnight at 30 ° C. Pre-cultured cells in 1.25 ml were inoculated into 250 ml of LB medium containing 50 µg ml − 1 ampicillin and cultured until the OD 600 reached 0.6, followed by addition of 5 ml of 20 % arabinose and further culturing for 4 h at 16 ° C. The harvested cells were washed with the extraction buffer (100 mM potassium phosphate, pH 7.2), resuspended in 300 µl of the extraction buffer, and then disrupted by sonication. After centrifugation of the lysate at 20,000 × g for 2 min, the supernatant was used as a crude extract for the enzyme assay. The reaction mixture (100 µl) comprised 0.1 µmol DOPA, 1 µmol ascorbic acid, 9 µmol potassium phosphate, pH 7.2, and 20-200 µg of the protein of the crude extract. The amount of protein was quantifi ed using a Coomassie Plus ™ Protein Assay Reagent (Pierce Biotechnology, Rockford, IL, USA) with bovine serum albumin as the standard. A standard enzyme assay was performed at 30 ° C for 20 min. The crude extract prepared from E. coli harboring the GUS gene was used as the control. To examine the effect of iron ion on the MjDOD enzymatic reaction, the crude extract was dialyzed with a 1,000-fold excess volume of 100 mM potassium phosphate, pH 7.2, for 16 h, and the enzymatic activity of the dialyzed extract was measured in a reaction mixture of 100 µl containing 0.1 µmol FeCl 2 or FeCl 3 and/or 1 µmol ascorbic acid at 30 ° C for 5 min. The enzymatic reaction was terminated by the addition of 1 % phosphoric acid at the fi nal concentration, and the relative activity was calculated based on the area of the HPLC chromatogram monitored at 405 nm.
Betalamic acid was separated using HPLC-DAD (LaChrom Elite system, Hitachi Hi-technologies, Tokyo, Japan) equipped with a reversed-phase column (4.6 mm i.d. × 250 mm; Develosil ODS-SR-5, Nomura Chemicals, Aichi, Japan) and using a linear elution gradient (1 ml min − 1 ) of 25-70 % methanol in solvent A (1.5 % phosphoric acid) for 20 min, and was monitored at 405 nm. Betanidin and isobetanidin ( Fig. 3C ) were separated using a linear elution gradient (1 ml min −1 ) of 10-40 % methanol in solvent A for 20 min and monitored at 535 nm. Formation of betalamic acid by the enzymatic reaction was confi rmed by HPLC-MS with a MassLynx system (Waters Corp., Milford, MA, USA). Betanin and isobetanin accumulated in the fully opened red petals of M. jalapa ( Fig. 3D ) were extracted with 1.5 % phosphoric acid/80 % methanol containing 10 mM ascorbic acid, and then analyzed by HPLC under the same conditions as described above.
